Pressure degradation kinetics of the anthocyanin pigment content and visual color (L, a, and b values) of Chinese bayberry juice were evaluated at selected pressures (400, 500, and 600 MPa) and holding times (5-10 min). Results indicated that the degradation of anthocyanin content after high pressure processing and during storage followed the first-order models, as well as the change of a and L × a × b values after high pressure processing. The activation energies (V a ) for anthocyanin content, a and L × a × b changes after high pressure processing were -19.845, -14.915, and -12.908 cm 3 mol -1
INTRODUCTION
Chinese bayberry (Myrica rubra Sieb. et Zucc.) is one of the berry fruits native to China with a high commercial value. Consumers seem to be primarily attracted by the red to purple color, special sweet and sour taste, and exquisite flavor of the berry fruit. Chinese bayberry juice is one of the common processed products with most of its origin color, flavor, and qualities retained.
The red color of Chinese bayberry juice is mainly due to the presence of anthocyanin pigments. The major anthocyanin in Chinese bayberry has been identified as cyanidin-3-glucoside, which represents over 95% of the total pigments. [1] Consumption of fruit and vegetable juices containing anthocyanin has been reported to reduce various degenerative diseases. [2] However, anthocyanin pigments and the visual color of the fruit and fruit products like juices from the berry are sensitive to thermal degradation when conventional thermal processing is employed for their reservation. [3, 4] High pressure processing (HPP) has been considered a non-thermal alternative to conventional thermal processing technology for enzyme inactivation and microbial destruction; however, HPP is credited with the advantage of protecting the nutritional and sensory quality of fruits, and preserves its natural freshness due to its minimal influence on covalent bonds. [5, 6] A number of published reports indicated that no visual color differences and changes in anthocyanin content were observed immediately after HPP of fruits. [5, [7] [8] [9] However, significant differences of visual color and anthocyanin pigment content were obtained during the storage period. There are various hypotheses on the mechanism of degradation of anthocyanin in HP treated fruits during storage. The first hypothesis of anthocyanin degradation is an enzymatic reaction caused by incomplete enzyme inactivation by HPP. [9, 10] The second hypothesis deals with the substrate specificity of β-glucosidase acting on anthocyanin. [11] The third hypothesis concerns the effect of ascorbic acid on the stability of anthocyanin. [2] Most published reports on color changes in fruits undergoing processing are based on analytical techniques measuring the anthocyanin content by spectrophotometric techniques. The chemical method is component specific and generally time consuming. The visual color, on the other hand, results from composite interaction of physico-chemical parameters which can be measured instantaneously using objective colorimeters for online quality control. Such objective color parameters have been well-correlated with the pigment concentration in the fruits. [12] The tristimulus color parameters, L, a, and b, have been widely used to describe color changes of fruit and vegetable products. [5, 13] The color degradation kinetics of food products is complex phenomenon and elucidation of dependable models to predict color change is useful for process modeling and predictions. The kinetic parameters namely, reaction order, rate constant, and activation volume provide useful information on quality changes which occur during pressure processing, while empirical mathematical modeling techniques cannot. [12, 14] Although kinetic studies on anthocyanin and color during processing have been reported on other red berry fruits, especially like the strawberry, [15] [16] [17] none has been reported on the Chinese bayberry. The objectives of this study were: (1) to evaluate the kinetics of anthocyanin degradation, (2) to analyze the kinetics of degradation of visual color using tristimulus color parameters (L, a, and b values), and (3) to develop a relationship between color parameters and anthocyanin of Chinese bayberry juice after HPP.
MATERIALS AND METHODS

Chinese Bayberry Juice Preparation
Fresh Chinese bayberries (Myrica rubra Sieb. et Zucc) were bought from a local supplier (Hangzhou, China). Bayberry juice was made by squeezing with a juice extractor (JYZ-B550, Joyoung, China), and then centrifuged at 3600×g for 10 min at 4°C using a 5810R centrifuge (Eppendorf, Germany). The supernatant was filtered through a 0.23-mm-pore-diameter filter. The juice was aseptically filled and vacuum sealed in polyethylene bags, frozen, and stored at -18°C until use.
HP Treatment
HP treatment of juice sample was carried out using an experimental HP apparatus. The system consists of a HP unit (UHPF-750, Kefa, Baotou, China), K-type thermocouples (Omega Engineering, Stamford, CT, USA), a data logger (34970A, Agilent Technologies GMBH, Germany), and a thermostat jacket connected to a water bath (SC-25, Safe, China). The intensifier used for generating pressure is a batch-type unit which generates a stepwise ladder-like pressurization process. Water was used as pressure transmitting medium (PTM) in this study, and the pressure vessel was maintained at 25°C before pressurization. Sample temperature was monitored during the tests and was recorded at one second intervals. To minimize the adiabatic heating, the rate of pressurization was maintained approximately at 100 MPa min -1 and the pressure release time was kept less than 5 s. After thawing over night at 4°C, the vacuum packed juice in 350 mL bag was placed into the HP vessel and subjected to pressure treatment at 400, 500, and 600 MPa for 2, 5, 10, and 15 min. Each combination was carried out in triplicate. Samples without HPP treatment were used as a control.
The following measurements of juice anthocyanin content and color were analyzed both immediately after HPP treatments (400, 500, and 600 MPa for 2, 5, 10, and 15 min) and after a period of storage at selected HPP conditions (400, 500, and 600 MPa for 10 min). The pressure treated samples for storage were divided into two groups, one of which was stored at 4°C for 25 days and the other was stored at 25°C for 8 days.
Determination of Anthocyanin Content
Anthocyanin content of bayberry juice was determined using the pH differential method. [18] Absorbance was measured by a spectrometer (TU-1810, Persee, Beijing, China) at 510 and 700 nm. Anthocyanin content was calculated as cyanidin-3-glucoside using an extinction coefficient of 26,900 L cm -1 mg -1 and a molecular mass of 449.2 g mol -1 .
Color Measurement
Tristimulus color parameters of bayberry juice were measured in the reflectance mode at ambient temperature using a Minolta Chroma meter (CR-300, Minolta, Japan) in terms of L (lightness), a (redness and greenness), and b (yellowness and blueness) values. The instrument was calibrated with a standard white tile. All measurements were carried out in triplicate.
Statistical Analysis
Chemical or biochemical reactions in food materials have been generally described by a first-order model by several researchers. [2, 16, 19] In present study, the first-order model was applied for the kinetics analysis of anthocyanin degradation and color change during processing (Eq. 1):
where, C (mg 100 mL -1 ) is the concentration of anthocyanin or measured color value (L, a, b) or their combination (L × a × b) at time t, and C 0 is the measured anthocyanin or color value at zero time. k is reaction rate constant (min -1 ), t is the pressure holding time (min). Dependence of the degradation rate constant on pressure is represented by the Eyring Eq. (2):
where, k is reaction rate constant (min -1 ), k 0 is the frequency factor (min -1 ), V a is the activation volume (cm 3 mol -1 ), p is the applied pressure (MPa), R is the universal gas constant (8.314 cm 3 MPa K -1 mol), and T is the applied temperature (K). Parameter k and V a were estimated using exponential fitting (OriginPro 8 SR0, OriginLab Corporation, USA). All parameters were tested in triplicate and compared using one-way analysis of variance (ANOVA). Pearson correlations of different parameters were conducted using SPSS (Version 20, IBM, USA). Tukey test (p < 0.05) was applied to compare the average values obtained. Figure 1 shows the degradation of anthocyanin pigment in Chinese bayberry juice after different combinations of pressure level and pressure hold. The content of anthocyanin pigment decreased with time at all pressures. Higher pressure and longer pressure holding time resulted in a lower anthocyanin ratio, indicating more anthocyanin degradation was observed ( Table 1) . As shown in Fig. 1 , the degradation followed the first-order reaction kinetics, and Eq. (1) described well the degradation of anthocyanin of Chinese bayberry juice over the entire pressure ranges in this study. Please note that although the figure is shown with linear coordinates of C/C 0 (for better understanding of the parametric changes), the fitted model was first order which gave a better fit than the linear model. The degradation rate constants (k 1 ) were tabulated in Table 2 , and expressed as 0.0053, 0.0130, and 0.0263 min -1 at 400, 500, and 600 MPa, respectively. HP effect on anthocyanin pigments degradation in several fruits were also studied by some authors. [6, 20] A first-order kinetic model was applied to describe anthoayanin degradation in strawberries as studied by Verbeyst et al., [16] the authors concluded that the activation volumes were negative, indicating an accelerating effect of pressure on the degradation of anthoayanins, which showed the similar results with our results. However, Patras et al. [6] reported that no significant difference between levels of cyanidin-3-glucoside in HP treated samples was detected for strawberry purees regardless of the pressure level (p > 0.05). And some more authors have also reported that anthocyanins are stable to HP treatment at moderate temperature, for example pelargonidin-3-glucoside and pelargonidin-3-rutinoside in red raspberry (Rubus idaeus) and strawberry (Fragaria×ananassa). [9, 21] Based on the degradation kinetics, cyanidin-3-glucoside in Chinese bayberry was more sensitive to pressure treatment. Figure 2 shows the pressure degradation of anthocyanin pigment in Chinese bayberry juice after storage at 4 (Fig. 2a) and 25°C (Fig. 2b) for different days. It was observed that the ratios of C/C 0 fit the first-order kinetic model of Eq. (1). The anthocyanin pigment degradation were reported to match the first-order kinetics in many juices when subjected to both HPP [2, 22, 23] and heat treatment. [17, 24] By regression using Eq. (1), an empirical equation of anthocyanin pigment 
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degradation during storage was obtained for each treatment, and the rate constants of anthocyanin degradation in juice after storage at 4°C for 25 days (k 2 ) and at 25°C for 8 days (k 3 ) were calculated as listed in . 1); b k 2 means the degradation rate constant of anthocyanin in control and HPP samples after storage at 4°C for 25 days (refers to Fig. 2a) ; c k 3 means the degradation rate constant of anthocyanin in control and HPP samples after storage at 25°C for 8 days (refers to Fig. 2b ).
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were retained for HPP samples at 400, 500, and 600 MPa, respectively, with rate constants of 0.003, 0.0024, and 0.0021 min -1 . Sample without HPP was also investigated for comparison; results showed that more than 94% of total anthocyanin was retained in control with a rate constant of 0.0023 min -1 . However, the control sample retained less anthocyanin pigment content than the HPP samples when the storage temperature was 25°C, with the highest rate constant being 0.1387 min -1 , while the degradation rate were much lower in HPP samples, with the rate constants of 0.0706, 0.0793, and 0.0712 min -1 at 400, 500, and 600 MPa, respectively. Suthanthangiai et al. reported the similar results on the HP effect on anthocyanins of raspberry during 4, 20, and 30°C storage for 1, 2, 4, 7, and 9 days, but no degradation rate constants were calculated for comparison. [21] The authors found that the highest stability of anthocyanins was when raspberries were stored at 4°C, which was in accordance with the conclusion obtained in this study.
Analysis of Visual Color Degradation Kinetics
The color parameters of control Chinese bayberry juice were L 0 = 31.60, a 0 = 15.18, and b 0 = -2.98. Since a-value represents the redness on the chromaticity dimension, it was considered as a physical parameter to describe the red color degradation of Chinese bayberry juice during pressure processing. C/C 0 in Eq. (1) was replaced by a/a 0 for describing the relative changes in a value versus pressure treating time. As shown in Fig. 3a , the first-order model adequately described the degradation of a-value of Chinese bayberry juice with time over the entire pressure range. The R 2 values were all greater than 0.93. This observation matched well with the previous conclusions. [5, 23] A higher pressure or longer pressure holding time resulted in a more significant reduction of a-value, meaning that the juice appeared less red after HPP treatment. The red attribute (a/a 0 ) degraded at a rate constant of 0.0098, 0.0194, and 0.0327 min -1 when the Chinese bayberry juice were treated at 400, 500, and 600 MPa, respectively, indicating a higher pressure treatment accelerated the degradation of the red attribute.
During pressure processing of Chinese bayberry juice, it was observed that apart from the a-value, both L-and b-values decreased with time at a given pressure and the product turned to reddish brown. Therefore, different combinations of tristimulus parameters (L, a, and b values), such as L × a × b, L × a/b, L × b/a, and L/a × b, were investigated to describe the color changes of Chinese bayberry juice. These combinations were subjected to linear regression with respect to time as represented by Eq. (1) and the coefficients were evaluated. Correlation coefficients and standard values were used as the basis to select the combination which best described the firstorder reaction for the entire pressure range. It was observed that L × a × b was the most 448 appropriate combination, which described closely the first-order reaction kinetics of color degradation of Chinese bayberry juice (Fig. 4b) . The R 2 values ranged from 0.925 to 0.98 while the standard error values were less than 0.008, as shown in Table 3 . From the result of regression analysis, the total color (L × a × b) degradation rate constants were 0.0296, 0.0534, and 0.0839 min -1 when the juices were treated at 400, 500, and 600 MPa, respectively. Several authors [14, 15] have reported similar observations while working on HP and thermal processing of fruit products. They reasoned that all the three parameters should be combined together to describe the total color degradation during pressure processing and thermal processing, and L × a × b and L × a/b were selected as the best combinations. However, the changes of value a ratio (a/a 0 ) and total color ratio
, and L/a × b), didn't match any linear regression models during the storage period. Figure 4 shows the linear relationships between selected color parameters and anthocyanin pigment content of Chinese bayberry juice after HPP treatment at 400, 500, and 600 MPa. Dependence of the color values on the anthocyanin content was described using the linear relationship as represented by Eqs. (3) and (4):
Relationship between Color Parameters and Anthocyanin Content
Degradation kinetics of (a) color a value and (b) total color (L × a × b) in Chinese bayberry juice after HPP at selected pressure and holding time.
FIGURE 4
Linear relationship between visual color parameters and anthocyanin of Chinese bayberry juice.
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where, k 6 and k 7 are the coefficients, C 1 and C 2 are regression constants. Linear regression of Eqs. (3) and (4) was carried out using the least square technique and the coefficients were determined as shown in Table 4 . It was showed that Eqs. (3) and (4) described the relationships between anthocyanin content and color a-value, anthocyanin, and total color (L × a × b) of Chinese bayberry juice well, respectively. Since both the anthocyanin content and the color parameters had shown earlier similar first-order relationship for pressure destruction, it is no surprise that they showed good linear correlation between them. It may, therefore, be inferred that tristimulus color values can be used to predict the anthocyanin pigment degradation during pressure processing of Chinese bayberry juice. Several authors have reported that degradation of anthocyanin pigments correlated well with decreases in color. [23, 25] 
Effect of Pressure on the Rate Constants
Effect of pressure on the rate constants of anthocyanin pigment and visual color parameters degradation after HPP and during storage were shown in Fig. 5 . Pressure dependence of the rate constant was well described by the Eyring model (Eq. 2). Correlation coefficients for the linear regression analysis were 0.00801, 0.00602, and 0.00521, respectively, for anthocyanin, color a and L × a × b degradation immediately after HPP treatment. As shown in Table 5 , the computed values of relative activation volume were -19.845, -14.915, and -12.908 cm 3 mol -1 , respectively, for anthocyanin, color a value and L × a × b values. The values for the activation volumes were negative, indicating an accelerating effect of pressure on the degradation of anthocyanin and color. These activation volume signify the greater pressure sensitivity of anthocyanin pigment followed by a and L × a × b values. However, the coefficients of pressure on the rate constants of Fig. 3a) . b k 5 means the degradation rate constant of total color (L × a × b) in samples immediately after HPP at selected pressure for different holding times (refers to Fig. 3b) . anthocyanin degradation during storage at 4 and 25°C were -0.00178 and 4.23×10 -5 , respectively, with the activation volumes of 4.410 and -0.105 cm 3 mol -1 . The absolute values of the regression coefficients were relatively low than those after immediate HPP treatment, indicating the anthocyanin degradation during storage were less pressure sensitive.
CONCLUSIONS
In conclusion, degradation of both anthocyanin pigment and selected visual color parameters during HPP followed first-order reaction kinetics. Variation of degradation rate constants with pressure obeyed the Eyring relationship. The computed values of the activation volume for anthocyanin, total color L × a × b value and red color a-value were -19.845, -12.908, and -14.915 cm 3 mol -1 , respectively. A higher absolute value of activation volume demonstrated greater pressure sensitivity of anthocyanin pigment during pressure processing than selected color parameters. The color attribute of Chinese bayberry juice is resulting from the presence of anthocyanin pigment. And the results from this study indicated that the total color (L × a × b) and red value (a) showed a linearly regression with anthocyanin content after HPP treatment at selected pressures (400, 500, and 600 MPa). Therefore, within the pressure range of 400-600 MPa, 
